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The Kinetics of the Thermal Decomposition of Isopropyl
Methylphosphonofluoridate

Part II

 Further Stuiies on the reactions involved and their mechandsms

by

D.J. Marsh

Corrigenda

Page 10, last para. Amend to read:

"The values of the rate constents in Table V are in reasonsble
agreemept with the value obtained in Table III, viz. 2.99 x 10~2
hours = "c

Page 13, pars. 3. Insert at end of paragraph:

"However, at ordinary temperatures the rate of attainment of
equilibrium will be too low to affect storasge life seriously. It
is cstimated that at 25°C, the times for 1% and 10% decomposition
by disproportionation sre about 14 months and 12 years respectively.
These figures are derived for pure GB in the absence of bases With
stabilised technical GB, the times may be very much greater.”
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Further Studies on the re:gctions involved and their mechanisms '

by i

DeJ, hiarsh
SULARY }

1. Further work on the thermal decomposition of isopropyl methylphosphono-
fluoridate (GB) has shown that the reacticns involved differ in some respects s
from the scheme previously suggesteds

2, The data previously obtained have been reconsidered in accordence with
the later findings and new values for thc rate constants obtaineds Values
of the equilibrium constant for the disproportionation reaction have also
been calculated.

3, Experiments carried out have not enabled the mechaniam of the disproportion-
ation reaction to be elucidated and the significanoce of the rate oonstents
obtained for this reaction is by no means clear,

ke The results obtained for the propene evolution reaction do not differ ‘
significantly from those previously obtained and the main oonclusions of Y
earlier reports still hold good.
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The Kinetics of the Thermal Decomposition of Isopropyl
Methylphosphonof'luoridate.

Part IT

Further Studies on the reactions involved and their mechanisms

by
DeJ,s ifarsh

1. Introduction

The kinetiocs of the thermel decomposition of GB have been previously
studied and reported (Part I; Porton Technical Paper No., 265), The
mechenisms of the reactions involved have also been discusscd by Bevan
and Hudson (Porton Technical Paper No. 330)s Chemical sspects of the
storage stability of GB have also been investigated (Porton Technical
Paver Nos 381).

Experiuenta carried out subsequently have shown, however, that the
reacfions occuring in the decamposition differ in some respects frau
those given in the previous report (P.TeP. 265).

An account of these experiments and of other investigetiouns into the
nechanisas of the reactions involved is given in this rceporte.

The two main reections now considered to cccur during the thermal
docamposition of GB are:-

e H"' lie
! . {
Pr8-0-pP-¢ —_— HOP-F  + COzH; essese (Roaction I
. fs i 376 * )
0 0
Me Ne iie
i 1 i
2 PBO-P-F ~————) Pri-0-P-0-Px} + F-P-F essees (Reaction II)
b o b

0f these roactions, the first is acid catalysed and hence akocatalytio
and does not ocour spontaneously. The second is roversible and is also
acid catalysed in both directions,
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The di-isopropyl iethylpohosphonatc formed in reaction IT was previously
thought to undargo further decomposition in two stages:-

- e

' iie * hie
g ‘e H 1
Prf-0-P-0-Prf ——————3  PP0-P-0H + Cglg seeess(Reaction III)
14 "
0 ‘ 0

= e Ye

I

Pri-0-P-OH —_— HO-P-OH + Cgflg oo esss{Roaction IV) .
il 1l
0 0

It will be shown, however, that the decmpos:.tlon of the di~ester is
not catalysed by the acids which may be prcsent in the systom, and hence
I . these two reactions need not be considered further from the point of view
‘ of the decomposition of GB.

SR

1 A further possible reaction, the disproportionation of metnylphosphono—
SO fluoridic acid, was shown to be reversible: - M

on P ey 0H

.- o1 t
Lo 2 lie-P-F P | ie=pP-F +  Me-P-OH sesses (Reaction V)
o 1 ] 11} L
0 0 0 S

o For reasons previously discussed (P,T.P. 265), this rcaction will not
play an appreciable part in the decomposition of GB.

2, Experimentel Procedure

The apperatus,and methods for following the decmpos:.t:l.on vsed have
been dvscribed previously (PeTeP's 265 and 381), , |

The GB used wes laboratory prepared matcrial which had been purified
’ . by redistillation wntil the apparent acidity was less thean one part per
i million of hydrogen ion.

\ Isopropyl hydrogen methylphosphonate, methylphosphonofluoridic acid,
o methylphosphonic difluoride and di-isopropyl nethylphoaphonete were : 5
' redistilled immediately before use, ‘ f

! 3., The Kinetics of the reactions involved in the decamposition of GB,

‘ (a) Reaction I, The previous conclusions (P.T.Pe 265) that this is a .
- bimolecular catalysed reaction, and hence auto catalytic, still
hold goode No spontaneous decouposition of GB by this reaction
is thought to occur. *

(b) Reaction IT, It was previously thought that this reaction proceedecd
In the forward dirsction only, the product di-isopropyl wethyl-
phogphonate being removed by reactions IIT and IV, It will be shown
later in the report however, that these reactions do not oceuwr in

N the system, and hence the reverse reaction II must be considered,

: -2 -
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Both the forward and reverse reactions involve two molecules, The
mechanisas suggested for the reaction involve an initial ionisation stage
for the forward reaction (see discussion section)s This would be
camparatively slow and in the early stages of the decomposition would be
rete determining and so giving first order kinetics. Subsequently,
however, when the amount of GB present has fallen the ionisation stage
may no longer be rate determining and second order kinetics would be
observed.

Addition of di-isopropyl methylphosphonate to technical GB did not
reduce the amount of decomposition by mass action effect on reaction IT
(see Appendlx VI to PoT.Pe 331). It may be that the di-ester is not
involved in the rate-determining stage in the roverse reaction. The
separation of a fluoride ion from methylphosphonic difluoride could be
the rate determining stage, being analogous to that sugpested for the
forward reaction. If, this is so, the reverse reaction would show first
order kinetics under suitablé conditions vhere a sufficient czcoss of
di-ester is presents In the actual decoposition of GB this s pzobably
not the case and 2nd. order kinetics are probably obeyed, espemally in
the carly stages vhere the concentrations of difluoride and di-ester are
siaall,

Experiuental verification of the kinetics of reaction IT would be
extremely difficult as it has not been found possible to isolate this
reaction from the auto catalybic reaction I which plays a much greater
part in the decouposition. 4t more moderate temperaturcs ca. 60°C, the
disproportionstion risaction is more iuportant, but the reactions are very
slow and it is doubtful whether the atteupt would be worth while,

Bguations for the disappearance of GB and the appearance of propene
and di-cster may be written as follows:-

_aleg | ko [0B] MaPO(F)(OH)] + kg |GB! - ktg [MePOFn} [ePO(OPF),]

auepor,] = afkepo(opr),] = kq [@Bl - k' [meroR, | IuePO(OPr)21
at at

If we put G = [GB_!, M= ;‘_MePO(F)(uH)J = 1_c5H6} end

. C -
F = | 1ePOF, | = E_Mero(OPr) 2] we nsy write :-

"%%:kcGM+de—k'sz X Ry (1)

&
at

e PP ¢-))

Eoxp- k'sz tecseentntsscsesecacesennsacee (3)

as

No satisfactory solution of these equations is possible.
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The above equations are ap.licable in the early stages of the decomposition,

Waen the aecomposi'tion. has proceeded so thut about half of the original GB

has decouposed, it is unlikely, as has already been discussed, that the forward
dispooportionation reaction still shows first order kinetics. In this case
equations (1) and (3) st be replaced by:- -

- @i kd%. - kt4F?

at ss0ssev0cse (18.)

and

& =kd(g—]2-k'd1vz~ ceerensnesiences (30)

dat

In these equations no account is taken of the catalysis of reaction IX
by acide If, as is discussed later, the offsct of acid is to facilitate
the separation of a fluoride.ion from GB or the difluoride, then as the
catalysis is small compar=d with that on reaction I it can probably be
neglected in the early stages, vhereas in the later stages the sepa:catmon
of the fluoride ion is probably not rate determininge

It is found that the concentration of di-estcer and difluoride reaches
2 maximum as the decomposition procceds. (See figures 1-3), end then
falls off fairly repidly. &t this maxiin the net rate of formation of
di-egber and difluoride is zero and hence:-

and . kd{%)

whexre Kd is the equilibrium congtant for reaction II.

It is clear that no true equilibrium will be set wp in this reaction,
but es at lower temperatures the rate of reaction I is negligible the value
of K3 will be of some practicel mpor+ance.

4e Validity of the results given previously and determination of new rate
“constantss .

Since it is now known that the reverse reaction IT .ust be considered in
the ddcomposition of GB, 1% is clear that the validity of the values of the
rate constants calculated by the proceedure given in P,T.P. 265 is question-
able, TFailwre o take this reaction into account presumably leads to low
values for the rate constants for the forward recaction II, The effect on
the velues of the rate constants for reaction I is not readily seen, although

it way be small,

No method of calculatihg rate constants vsing the above equations can be
found, but estimates may be made from the slopes of the graphs showing plots
of G and M against time, since the values of G and M at a given tine are
known end also the values of -F can be obtained by difference, The accuracy
of the figures obtained will be low,

-l -
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Initially, with pure GB, F = 0 and M is very small so that equation
(1) simplifies to:-

a&
= = e kG
a o
vhich enables a value for kg to be obtained.

k, can be obtained by neasuring the slope of the gas evolution curves
at various points and substituting the values in equation (2),

Finally, as alrcady noted at the maximum point in the plot of F against
tine, we have g% = 0 and hence: -

C et Gl P ST o

k 2
K = =
‘ R (‘5)‘2
d -
2
The values obtained for k, are given in Table I.

Teble T

Bvaluation of kg,

: 80°C, : 90°C,
t(hrs.) M ' ko x10° (hrs™) ! t(hrsd w | kex10-(hrs ™)
200 0,021 ! 5,20 | 50 0,010 2,61
300 . 0,032, 3.8 f 100 0,025 1448
400 1 0.0b2 | 2,98 | 150 0,045 1400
s0 L oowss | 277 : 200 0.068 1,07
600 i 04068 | 3,53 ‘ 250 0.105 1027 |
700 | 0,093 | 3,60 300 04173 1457 ;
800 Io0ef2h | 3495 350 0.310 2449 A
900 i 04173 L4.82 400 0.658 631 i
1000 | 0.3 | 6.78 |
1100 1 04407 |, 1.2 : | ‘t
1200 © 04682 | 1943 : i X
100°C, __120%, !
t(hrs. ) i ' Jmoz (hrs™ t(hrs, ) Ii ko(hra™!) ‘
30 . 0s00h . B3 5 0,008 0.385
50 , 0,008 ! 3,63 8 04013 04240 i
70 1 04015 3458 10 0,018 04236 :
. %0 04028 2649 | 12 0,028 0,180 §
110 04040 2,48 1% 0,038 0e 17 ;
. 130 04060 2.52 16 0,050 04180 ,
150 ! 04090 2,71 18 0,068 0,196 H
170 | Ouibb 3051 20 0,095 0,202 i
190 0253 538 22 0,133 o216 ,
210 04530 110k 2 0.186 04268 :
26 0,298 0448 '

The values of M are expressed in moles/initisl mole GB and so the wnits
in which the rate omstants are expressed sre again hours~l. This point .as
previously discussed (P.T.P. 265).
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It will be noted that the initial values for k, are somewhat high and
that subsequently the values appear to increase as the reaction proceeds.
Initially the accuracy of the gas evolution data iz not great so that the
high values are probably spuriouse The subsequent increase in the rate
oconstants is not surprising, as it must be remerbercd that as the rcaction
proceeds the mediun in which it takes place is also changing,being initially
pure GB and subsequently containing increasing auounts of the various
decorposition products,

In view of these uunsiderations, the initial high values and those later
ones obbtained for valucs of M greater than 0.2 have becn ignored and the
mean of the remainder taken.  The valuss so cbtained together with the
previously accepted velues (P.[«Pe 265) are given in table ITI.

The values of kg obtained from the initial slopes of the plots of G
versus t (P.T.Ps 265; Figures 5-8) are also given in table III. Since
the valres of G show appreciable scatter the accuracy of these figures is Jow,

Values of Kg, the equilibriun constant for the disproportionation
reaction II, are obbained as described above frow the data for the concentrations
of reactants present when the concentration of difluoride is at a maximune
The derivation of these values is given in table II,.
Teble II

Bvaluation of Kge

| Tempereture! Time at [GB] remaining ’-MePOF =t3éePO(OPx{J)%!= 72 .
4 e, which = G - A: . Ky =(qp |# @ i mixture
imaximum | moles/initiall moles/initial mole (ET .;:I.lb .
| occurs nole GB, GB. equilibrium
hours
80 1100 0e453 0,070 0.096 76ek
90 340 04567 0,0805 0,079 77.8
100 180 04052 0,081 0,062 8041
L i ;

"No naximum was reached in the times for which the experiments at 120°
woere conducted.

Values of the rate constants for the reverse reaction II k'y, can be
obtained fraa those for kg and Kge These are also given in Table III,
Values so obtained are for the uncatalysed reverse reaction,

Teble ITT

Values of the rate constonts for the rcactions ocewring in the thermal
decomposition of GB.

: Temperature; ko hrs™ . kg hra™ : ' 3
%, [ New Trevious o New — Previows ~ K4 | Kk'a 5
' Value Value | Value Value hrs=1 |
| (P.T4P, 265) (P.TP.265) !

80 ]‘ 3059%1073 | 3,70x103 !1 Ax10% | 1,93107H 0,096 | 1.1x1073

90 11.28x10-2} 1.18x10-2 6,0x107 | 5.66x10~% 0,079 | 7+6x10-3

100 |2.99x1072| 2,36x1072!3,3x107% | 1.68x10-3 0,062 | 5,3x10-3
120 10,210} 0,239 [2.4x1073 | 7.65x1073 | - ! - i
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Plots of the logarithms of the rate constants againit the reciproeal

of tue sbsolute temperature are shown in ficures 4 and 5. The variations
of the constants with te.peraturc may be exprossedby the following equations, ;
in which T is the ebsolute tanperature:- {
i

i
F - -
4 SECRET
)
!
|

108101{0 = 11}-.6888 - 6028.&
T
1 logjokg = 77710 - 4105.2: |
) logyok'a = 10,1088 = 4556497 .
T s

logyoKa 1%_1%& = Le5502

These equations were calculated by the method of least squares

The corresponding energies of activation are:-

New Value Previous Velue

P,ToPs 26 !

For reaction I 27.6 Kecals./mole 28.3 Ke.cals./mole
For forw rd reaction II 1848 Kocals./mole 25.4 Keoals./moles
For reverse reaction IT 2048 Kocals./n0le -

{ The hoat of reaction for the disproportionation determined from the
i values of Kd is 547 K.cals./mole.

As previously noted, the data from vhich the values of kg are derived
i showr appreciable scatter and as the plot of log k3 ageinst 1/T also shows
) sone scatter, the value for the activation energy for the forward disproportion-
Il : ation reaction can only be regarded as a rough approximations It would, however,

seen that the activation energy is rather lower than had becn previously supposcde
X Since the values of k', are derived fron those of k3 and K4, the accuracy

} of the value of the activation energy for the reverse rcaction is even less.

II are regarded as reasonably accurate since the plots of log kg, and log Kg
against 1/T show good linearity.

U

A value for Kg at 25°C, nay be derived also frou thermochemicel data

iz The values of the activation energy for reaction I, and the heat of reaction
1
, (e Neale; PeloPe 339).

The calculations involved exre given in appendix I, The value obtained
for Kg at 25°C. is 14003, and at this teuperature the reaction nixture would
contain 50% GB, 25% of uethylphosphonic @ifluoride and 25% of di-isopropyl
nethylphosphonate.

The value of K; at 25°C. obtained from the equation derived from the
values from the kinetic data is Ol4ke  This would mean that the reaction I
mixture would contain 60% GB and 20% ocach of difluoride and di-ester. The
agrecmont is fair considering the methods by which the values are obtained, 5
and the assuiptions involved. |

-7 -
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It way also be noted that the heat of the reaction fron kinetic data
in the teuperatwe range 80-1009C, is 5.7 Kecol./fiole, while that from
the theruocheiailcal data at 25°%, is 2 K.cal./wolc, In view of the
asswiptions involved and the difference in teuperatures at which the
values are obtained the agreeucnt between the two values is goode

5S¢ BExperiuent: on the reaction of methylphosphonic difluoride and dieisomronyl
methylphosphonate (Reversc roaction IL)e

Prelininary experiments had shovm that sone GB was forued vhen a wixture
of wmethylphosphonic difluoride and di-isopropyl nethylphosphonate was heated
togethers It was soon found, however, that the GB foried subsequently
decomposed by Reaction I, The difluoride is very hygroscopic and readily
hydrolysed to acid, so the nmixtures were made up in a dry box. 4Llso with
a view to retarding the decanposition of the GB foried, soue experiments were
carried out in the presence of a base or steel,

The results obtained, starting with an equinolar mixture of the di-ester
and difluoride arve given in Table IV.

Teble IV

Reaction of methylphosphonic difluoride and di-isopropyl
methylphosphonate

The two substances were present in equimolar quantities.,

, - - - '
Temperature Tive of Conditions of | % GB found f
, expeziment experiment é@e?:’.ment. at enc?.v of . Remerks
experinent i
(Peroxide wethod)|
1
120°C, 2 hours Stored alone . 0475 ‘Propene
jevolved.-
lanount not
, peasured.
140°C, 5% hrs. 5% Tri-n-butylanine 1 o5 [
added.
100°C, 22% hrs. Stored alone 6e6,0 (Propenc
evolvode
amount not
neasured,
100°C, 6l hrs,. In presence of steell 342 -
100°C, 12 days " " f " 7% -
100°C, 64 hrs, ‘4 Tri=n-butylanine 0e75% -
i added, ;
100°C, ¢ 12 days " " " 1485 g

From the value of tle rate constant for this reaction, k! ar at 100°C, given
in table III, the smount of GB formed in 22% hrs,, and 64 hrs. would be about
11, and 25, respectively, It is possible that the smount of GB formed in
the experinent where the mixture was stored alone for 22% hrs, at 100°C, was
of the order of 11%, since 6,6% was found at the end of the experinent and
suie had decouposed to give pronenes On the other hend, it is clear that the
presence of steel or bases retards the reactions, presunably by renmoval of
acide This meens that the reaction is acid cetalysed and it would seem that
the spontansous rats, if any, is appreciobly slower than that indicated by
the rate osonstants given in teble ITI.
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atterpts to obtain ratc constants fra. initial slopes as had boen done
in the case of tle haelf cster gave velues which were not constant and appcared
to increase with incrcasing acid concentration.s This and the fact that mw
gas avolution oocured in the presence of the othor acids indicatcd that no
direct gas evolution occured fron the di-estor and it was sucgested that the
propene evolved night cone fraos GB formed by soic recaction in the sysiew.

lnalysis of the liquid residues at the end of the experiments by the
Peroxide irethod showed the prusence of GB, the aiount depending on the
anount of the vethylphosphonofluoridicacid originally prcsent, Infra-red
analysis indicated that presence of traces of GB, but identification of
only 4 in a umixture containing about 80, of the di-ecster and 20. of the
acid is extremely difficult,

ol Having obtained the GB content of the mixtures it is possible to work
o out rate constants for the decouiposition of the GB into propene cetalysed

i by the methylphosphonofluoridic acid, The results togetaer with the other
’ data are given in Table V.

Table V

Decouposition of Di-isopropyl cethylphosphonate =
uethylphosphonsfluoridic acid ifixtures.

Terperature 100°C.
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] i '
ot of acid g_G}_B_m’;f.‘pu*nd __a‘t end of ¢ eriment!.uount of acid’ Rate constant i
initially by T iA uoles/Ini¥IaY] remaining  |for decosposition
present in weight mole ester ie.ce initial of GB at 100°C
moles/initial acid less GB hrs,=1
- nole eater foriod
moles/initisl
. mole ester
\ 042601 ko8 0.0621 041980 2,50 x 10™2
0.2137 Le6 0,0600 041537 2,49 x 1072
De1421 4.0 0.,0527 0,089. 2491 x 102
» 0.1115 362 0.0419 000696 3.60 x 10-2
i 040659 2,0 0.0262 0.0397 Lei2 x 4072
i 040431 1ok 0,0132 040249 5¢73 x 1072

The rate constants were obtained from the equations=-

-algn

; ~
= kg | GB;: Eg;epo(F)(ml?

the slopes of t.ie curves being icaswed at the end of the experiments i.e. at

tho saie tine as the GB concentrations were deberiiinede

The final nethyl-

phosphenofluoridic acid concentrations wore used in tie caleulation, as in
reaction with the di~ostor it is probably replaced by o weaker acid,

The .ecn valuc of tine rate constant frou Teble V is 3.6 x 1072 hrs'1,

wvhich agrogs roi:
3459 x 107¢ Iirs=',
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s.rkably well wit.. t..e value obteined in Taole III, viz
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The nature of the reaction between di-isopropyl ustihylphosphonate and
nethylphospionofluoridic acid is not knovae 4 direct trans-esterification
is posgible: -

MePO(¥)(0H) + MePO(OPrid) » —) 1iePO(F)(OPrf) + HePO(OPrE)(OH)
4 inore likely nechanism, by known reactions is the disproportionation of
tiw acid into methylphosphonic difluoride and methylphosphonic acid followod
by reaction of the di-cster and €ifluoride to give GB {reverse reaction II).

2 MePO(F)(0H) o MePOF,  + MePO(OH)2

MePOF, + 1ePO(0Prf), -——-)E 2 MePO(F)(OPr?)
GB.

7+ The effect of fluorides on the decoimposition of pure GB.

The mechanisia for the disproportionation reaction suggested in PoTeP. 265
involved thne separavion of the GB into a fluoride ion and a phosphorus
containing cations 4 possible alternative nachanism sugrested by Hudson
and Bevan (P.T,P, 330) involves the rupture of the P-0~ bond yielding an
isopropoxide ion,

It was tnought that it wight bs possible to distinguish between the
two mechianisis by investigaling the effcet of fluoride ion on the reaction,
“which should be retarded if the first uechanis is correci,

Experinents werc carried out with GB to which 2,9:¢ of tributylanine
hydrofluoride and L,: excess tributylenmine were added and using GB plus L.
tributylaiine as controls. .actuelly the base hydrofluoride was not in fact
prepared, but onoe equivalent of base was added to a solution of a kmown emount
of IIF in GB, The results are given in table VI,

Table VI
Effect of fluoride on the thernal decoriposition of GB ot 120°¢C,
Tiwe GB content + Gas evolved Percentage of original
Experiment of | 7ty woipht | moles/initial GB deomposed !
storagel initiall after |____iole G i
hours storage|Total)\HF |Fropene|Total;, By By
i Reaction iReaction
i I II
G + 4 7 90,9 | Nil |Nil | Nil 2.k Wil 244
BuJN + 2, 9341 3642 Nil |Nil | Nil Tole Nil Tk
2.9, BusN,'F L7 846 ]0,006|0,004 0.005 91 05 86
119 737 10.052|04007 04051 20.8 51 157
GB + 4 7 94,0 } Nil |Ni1 ] Nil 2,9 - Nil 2e1
BusN, 2 g0 | 045 | Wil 1Nl | Nil 5.7| Nil 5¢7
47 | 990 ' 89,1 |0.003|Nil {0,003 | 7.2| 0.3 649
119 832 10,029|Wil | 0,029 13.3 2.9 1044
B + solid 7 | 100® | 97.2% mid jmi1i mad 2,8 N1 ¢ 2,8
Lithiug 31 9641™'0,005:Not, analysed] 3,9] Not lmown
£luorido. 19 | 7949%104084 ' Not snalysed! 20,1,  Not known

n The GB did not dissolve any lithiua fluoride at roon teriperature.

+ The figures for IF and propene contain the amounts of these sases coaubincd
a3 isopropyl fluoridc and hence the swa of these aaounts .ay exceed the
actual obaerved totel,
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It will be seon that the @iount of GB decomposed was in fact greater
vhen the hydrofluoride was prescnt than in the controlss ., Tiis 1nay be
duc oither to catalysisz of the decoposition by the tribut:laaoniuy ion
or to tho presence of soie fi ;o HFy as it is unlikely that, even in the
presonce of thie oxcoss baswy, tie oquilibrius

Busl + I == (Bughm) *(m)”

procoeds entirely to the right in this iediun. Thess experiments therefore
contribute nothing to the study of ti:¢ nmechenizms of reaction II,

a8 1t hod boon found that lithiw. chloride was soluble to some extent
in @3, it wvas thousht that tne flucride might be slishitly soluble and
henoe provide fluoride ion in the solution.  Hxperiaents wers carried
out in which puwre GB was addod to tubos containing dried lithiwa fluoride.
o rosulvs ere also given in tabls VI. It was found that the decamposition
of the GB by both reactions I and II was apprcciably retarded as compared with
GB stored above, & co.parison of the gas ovolution frow 6B alone and in the
presence of lithiwd fluorido is shovm in figuwre 8, This result was quite
unoxpected and the only oxplanation which can be advancied: is that tle catalysis
by aocid of the decouposition reactious is provented by reuoval of the acid by
reactions sucu as¢~ ‘

LiF + LeFO(F)(OH) —  IF + MaPO(¥)(0L1)

. LiF 4 HF w—=) LiHF,,

. The experinents do not-provide any evidence for the mechanism of reaction
II, but the marked retordation of the deconposition made the consideration of
.alkali metal fluoridus as stabilisers for technical GB desirablee BExperiients
.carried out to exemine this possibilify have already been reported (P.T.P. 381).

8. The therma.l.‘ decm.zgo‘sition of methyl methylphosphonofluoridate,

The diffioulty of isolating one ‘of the reactions involved in the
deconposition of GB .iade the consideration of the decoposition of related
caipounds worthwhile, The obvious choice was methyl methylphosphonofluoridate
sinoe this should wndergo disproportionation but no olefine-foraing reaction.
A saiple of the compound was preparcd but it proved to be unstable at room
touporature and a study of its decouwposition could not be uwndortaken.

9« Discusaion

Reaction I, the decauposition of GB into methylphosphonofluoridic acid
and propens is catalysed by all the acids vhich mey be present as impurities
in tecmical GBe The values of the rate oconstants and the aotivation energy
for this rcaction obteined in the prescut rcport do not differ greably from
those pruviously ropartcd (PJrePs 265)e  Tho uechanisu for this reeotion
previously proposed avill holds good, slthough tlhere is soame indication from
infra-red speotra that the hydrogen ion is not located at the oxygen of the
phosphoryl group and tie alturnative represcatation of the transition state
inivolving hydrogon in attack at the oxygen of {he isoproproxy group is
theroforc proferablc, i.e.

CH 18
\3 571 3
Cli=0-P=0
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Wb the wonent no further disocussion of the effectiveness of the different
acids os catalysts for tlio reaction is desirable but this ey be possible when
the results of conductivity vaswrcaents now in progross at Porton are avail-

db le Y

The picture with regard to Reaction II on the other hand is still rather
confuseds The wicaning of tie rate constants and activation suergies obtained

is by no weens clear,.

It sceus certain that in the absence of reaction I this reaction will
procecd until an equilibriws is sct wpe The results reported in Lppendix XII
to PJlPe 381 indicate that this probably occurs in GB under practical storage
conditionse he maount of GB present av equilibriws will increase with
teuperature, being sbout 50, at 259C. and 80, at 100°C,

a8 proviously noted, two alteruative mechanisius for Reaction IT have becn
roposcd, the first (i) in PeT.P, 205 end the second (B) by Hudson and Beven
PolePs 330)s 0

0
non non Y (4) -
y; Pr'-0-P-F =3 DPr <0-P +F
e } . 6—- |
ie Me
0 0 0 0
3 D("’) ! 5 3 ' o "(-l-)
Py w0=P + PP-O0PY? 7> P2 0-P-0-FPrd 4+ F-P
] ] — 1 K
Ye He He . Ne
ll( ) 3
S -
- F P
T ? + (____——-5 F-5-F
lie Oﬁe
~ i h
Be P:v-O-'.?-F = Prf0” & (*)}5-10
N
He Me
?‘ 0
: ]
Pr?0” + F-ﬁ-O_Pr : PrPO-P-0PrP + F
ile )
0 ]

Hudson and Bevan (Loc. olt.) suggest that acid catelysis of the forward
reaction could be explained according to the first mechaniza by assisting the
first stage and leading to tho fomuction of undissociated acids-

0 0 0

i Ik ]
Prf,""O‘P"F + ‘f.' ——) PI‘.Z-O'%). o0 .F. ."!{“‘ -——9 Pra"O"‘I‘(..') + Hl“.

! |

iie Me le

In the onse of mechanisi B, on the othor hand isopropancl would be forude

-3 -
SECRE?

R L e




SECRET '

It has alrecady been noted that bases retard the forward rsaction
(PoTePs 265). The reverse reaction is also retarded by bases and in the
presence of stesl. This action of bases may be duc to coupetition between
two anionoid groups for the phosphorus cation at tho second staze, s .
was suggested in P,T.P, 265, lowever, the retardation in the presence of |
steel nust be duc to reacval of acid by reaction with the steel, and the !
offect of bases is nore likely to Le dve to the sane causec. :

The present experiuents have not made the elucidation of the mechanign
of this reaction poasible, It is possible that alwiiniua fluoride would .
enable a differentiation betwoen the two iuecheniswms to be made since it
readily coubines with fluoride ion to yield the fluoaliwminate ion, I.lFL"-. /
) If it inoreased the rate of the disproportionation reaction, mechenisii’a )
1 would be favourede.

i The possibility of making GB by the reverse reaction II frouw iethyl-

f ; phosphonic diflucride and di-isopropyl methylphosphonate does not appear

to bc vortlyy of considerations although the equilibriwa ixturs atb 100°C,
should contain 80, of GB, the actual rate of the reverse reaction is rather
18 slov, end it is difficult to prevent the decomposition of GB by rsaction I,

| In the presence of bases o steel when reaction I is retarded, the reverss *

| reaction IT is also retardeds u catalyst for roaction II only and e reaction
' teuerature of 120°C, or cbove might meke the process worthwhile, sluiiniua
fluoride might be suitable if it reacts as suggestoed above, but the complex
fluoride uicht prove too stable,

J L Furtier experiments with aluminium fluoride might be worthwhile, but it
b has not been nossible up to the present to carry out any further work on this
H problen, i

! Sumiary and Conclusions

JIEE 19 Purther work on the thermal decouposition of‘ isopropyl methylphosphono- i
! fluorida.te (GB) has showm that the reactions irvolvsd differ in some respects
: from the scheme previously suggested. ]

i 2, The decomposition cc.cists of the acid catalysed decaposition into propene )
- and nethylphosphouofluoridic acid showing second order kinetics, and the

if! sinulianeous reversible disproportionation into methylphosphonic difluoride
K and di-isopropyl methylphosphonate,

‘ 3, The decasposition of the di-ester produced in the disproportionation has
" ‘ been shown not to occur in the systeu so that the reverse disproportionation
b must be considered.

L 4 4e The deta previously obteined have been reoonsidered in accordance with
the later findings and new values for the rate oconstants obtained.s Values of
the oquilibrius constant for the disproportionation have also been calculated,

be Other experinent.. have not enabled the mémauism of the disporportionation
reaction to be elucidated an® the significence of the rate constants obtained
for this reaction is by ne weans clear,

6o The results obtained for the propens evolution reaction do not differ
significmtly frou those obtained proviously and the inain conclusions of
earlior reports still hold zood,
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SECRHET
A‘ggendix I

Oalculation of the equilibriwa constant for the disproportionation reaction
fxou thermochenfocal data

Using the values given by Neale (P.T.P. 339), the heat of formation of
3 -4 gopropyl methylphosphonate may be calculated as followms s

(1) Heat of formation from atoms is the sun of;=-

=3 x99 = =298.2 K,08l,/mole

un

GH5 icee 3 x C-H

2 x iso 03H7O = =2 X 5.7 = =1891 .4+ K,cal,/mole
P=0 = =128
i} P-C(41k, ) - 78
2 x POC(Llk.) =2 x 9 = 1%
S = -2585.6

(ii) To obtain the heat of formation from elements in their standard states
we 8dd the suwa of the heats of atomisation of the elements:-

G P 1e0s - =72 AT1eT = 1201.9 K,0al./mole
Lt U B 88110
. 30= 3x 59,2 = 177.6
P= ’.2 = 752
23387, . .. ..

(411) The heat of formation of gaseous di-isopropyl methylphosphonate from
elemorrbs in their sta.rﬂa.rd states is therefore:=~

~2585,6 + 2538 7 K,0al./iole
» ~246,9 K,cal,/mole

The latent heat of vaporisation of the ester, obtained from vapour
pressure data {B. Neale; PeToPs 341) 13 14e7 Kecal,/moles

Hence the heet of formation of the liquid estcr is:= -

#26,9 = 1he7 Kecal/mole
s =261.6 K.ocal./mole

Neal (P,TePe 339) gives for the heat of fornation fr«om elements in
their standard states:-

GB «257 K.ca.l./mOle
MoPOF, =254 Kecal,/mole -

Taking a rounded off figure of =262 K,oal,/mole for the ester, we
have far the dispropor‘hiomtion roaction:-

268 -—-—-) MeI’OFz * MePO(OPrB)
-21257 =2k =262

Qo AT m =25l = 262 = (=2 x 257)
= =2 K 0al,/mole
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